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A B S T R A C T  A  cylindrical  treatment of the configuration of small molecules 
in  solution  has  been  proposed.  Cylindrical  dimensions  were  obtained  from 
Fisher-Hirschfelder  molecular models,  and  these dimensions were used in an 
analysis of three  sets of reflection coefficient values  from  the  literature.  The 
correlation  between solute dimensions  and  the reflection coefficient was sub- 
jected to both statistical analyses and graphical  examination,  with  particular 
emphasis given  to parameter  interdependence.  The  results consistently  indi- 
cated  a  significant  relation  between  the  reflection  coefficient  and  solute 
diameter.  The  dependence on diameter  suggests  a  lengthwise orientation  of 
solute within the membrane.  Furthermore it is shown  that this  orientation  is 
occurring within  the aqueous region of the membrane,  and  thus this  region 
has a  structural characteristic which is responsible for the lengthwise  orienta- 
tion of solute. 
THEORY 
The concept of the aqueous pore has been quite useful for explaining  the pas- 
sive transport  of hydrophilic  solutes across cellular  membranes.  Nonetheless 
though  the  functional  characteristics  of  the  plasma  membrane  have  been 
extensively  examined,  the  structure-function  correlation  is  still  not  clear. 
The structural  and  hydrodynamic  properties of the aqueous pore await fur- 
ther delineation. 
Several avenues of approach have been used for investigating  the aqueous 
pore.  The simultaneous  application  of diffusion and hydrodynamic relation- 
ships  in  determining  pore  size  was  developed  by  Pappenheimer,  Renkin, 
and Borrero (8) and Koefoed-Johnsen and Ussing (5). Paganelli and Solomon 
(7)  applied  this  approach  to  the  red  cell  membrane.  Durbin,  Frank,  and 
Solomon  (2)  demonstrated  the  dependence  of the  reflection  coefficient  on 
pore  size.  Goldstein  and  Solomon  (3)  applied  the  Renkin  equation  (10)  to 
correlate  solute  size  and  the reflection  coefficient,  thus  arriving  at  an  addi- 
tional estimate of the equivalent pore radius.  Passow (9) used the diffusion of a 
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graded  series  of probing  molecules  to  investigate  pore  size.  These  several 
approaches have depended upon either theoretical considerations or upon the 
correlation  between  some  measure  of  solute-membrane  interaction  and  a 
molecular dimension parameter.  The indices describing molecular size have 
been the radius of a  sphere of equal volume and equal density to the solute 
(I0),  the  Stokes-Einstein  radius  (10),  molecular length  (9),  partial  molar 
volume  (9),  and the mean radius  (3).  Each of these dimensional parameters 
is significant to some degree, yet none of them reflects or suggests any specific 
physical model for solute-pore interaction. A physical model has been avoided 
because of the  supposition  that  small  molecules  (acetamide,  propionamide, 
etc.) exhibit no significant shape characteristics; molecular motion and bond 
rotation were considered to obviate the benefit gained by dealing with these 
molecules as  other than  amorphous  spheres.  The  object of this  paper  is  to 
question  this  supposition  and  to  suggest  a  more  specific  model  for  solute- 
pore interaction. 
As a first order approximation, it is suggested that small molecules in solu- 
tion can be treated as cylindrical, with an average length, h, and an average 
maximum diameter, d.  The present study is concerned with the correlations 
between the reflection coefficient and these individual molecular dimensions. 
Staverman (12) studied the relationship between the osmotic pressure across a 
leaky membrane and the concentration difference of the permeating solute. 
The  reflection  coefficient,  Gr,  is  the  proportionality  constant  between  the 
theoretical osmotic pressure as calculated by the van't Hoff equation  (~rth  = 
R TAc) and the observed osmotic pressure. 
~robs= crRT~c  =  ¢r~rta 
in which Ac is the concentration difference of the solute across the membrane. 
With a  perfect semipermeable membrane (i.e.  permeable to solvent and not 
solute) the observed osmotic pressure is the theoretical value; ~ is one. When 
the membrane is  unable to discriminate between solvent and solute,  no os- 
motic pressure gradient is  established and  ¢  is zero.  Intermediate values of 
¢  are an index of the ability of a  leaky membrane to discriminate between 
solute and solvent. 
The  hypothesis  upon  which  the  present  study  has  been  based  proposes 
that  the cylindrical dimensions of the solute are of primary importance in 
determining  ¢  for  a  series  of hydrophilic  nonelectrolytes.  Both  statistical 
analyses  and  graphical  examination  have  been  employed.  The  statistical 
approach depends on fitting an appropriate equation for ~r as a  function of a 
molecular size parameter.  Goldstein and Solomon  (3)  offer such a  relation- 
ship but in a  form that is difficult to work with. AzeoP.Ew H.  SOL,.  New Approach to Molecular Configuration  2567 
1  --  O" 
[2(1 --  a/r) ~  --  (1  --  a/r)~l[l  --  2.104a/r  Jr  2.09(a/r)  3  --  0.95(a/r)Sl  (  1 ) 
[2(1 --  a,,/r)'  --  (1  --  a,~/r)4][1  --  2.104a~/r Jr  2.09(a,~/r) 3  --  0.95(a,,/r)  5] 
in which a  is  the permeating solute radius,  r  is the pore radius,  and a~  the 
solvent radius.  A  more convenient relationship  to work with  is  the log-log 
dependence of a  on d  or h.  In order to show that  this  procedure provided 
results consistent with the use of equation 1, a series of solute radii in the ap- 
propriate range were chosen; and equation  1 was then used to predict a  cor- 
responding  set  of  1  -  ~  values  for  several  arbitrarily  chosen  pore  radii. 
Each log  (1  -  a)  in  a  set was  then plotted  against the appropriate  log a; 
the dependence was linear, with the slope of the line a  function of the pore 
radius. 
The statistical  treatment involves fitting equation  2  to  the data. 
log (1  -  ~)~ --  B1 +  B2 log M Jr E~  (2) 
),~ is the dimensional parameter (either d or h) corresponding to the measured 
(1  -  cr)~.  E~ is the  error  for the i  th solute; 131 and/3~ are constants.  A  mul- 
tiple regression technique is  applied  to evaluate the constants /31  and/3s  so 
that  the sum of the squared residual error (~  E~] is minimized.  This sum 
/ 
of the  squared  error  (~  E~)  then  provides  a  means of testing  the  signifi- 
cance  of the  dimensional  parameter.  ~  E~  is  compared with  ~  E'~,  the 
latter value being for the equation in which  1  -  a  is correlated to  a  single 
constant. 
log (1  --  cr)i  =  O~ Jr  E'~  (3) 
The  difference  Y'~ E~-  ~  E~  is  the  error  reduction  resulting  from  the 
introduction of the ~  log X~ term into equation 3. The F  test is a  convenient 
means  of standardizing  this  comparison,  for  the  error  reduction  resulting 
from the introduction of a  parameter is corrected for the degrees of freedom 
(n  -  k) and the magnitude of the original error ( Y] E'~). 
r  test  =  IE E?  -  (.  _  k)  ( 4  ) 
E  e" 
Prior to an examination of the correlation of the dimensional parameters 
with the reflection coefficient, Fisher-Hirschfelder models of the solutes were 
built.  Difficulty was encountered in determining the average configurations 
and complications arose from steric hindrance and functional group interac- 
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dimensions  obtained  for  what  appeared  to  be  the  average  configuration. 
Since  this  process  undoubtedly  involves  subjective  error,  it  was  essential 
that  these measurements  be completed before looking for correlation. 
RESULTS 
The  values for  1  -  0~ for three  sets of data  were analyzed for the  signifi- 
cance of d and h. 
I.  The Data of Goldstein and Solomon (3) 
Using  the  rapid  flow apparatus  of Sidel  and  Solomon  (11),  Goldstein  and 
Solomon determined  a  in human erythrocyte membranes  for a  series of nine 
compounds.  The  time  course of red  cell volume was measured  photometri- 
cally at  three  different  solute concentrations.  Each  curve  was  extrapolated 
to zero time to give the zero time rate  of volume change,  (dV/dt)o,  for that 
solute concentration.  Since there was a  linear  dependence  between  (dV/dt)o 
and the solute concentration,  the concentration for which there was no initial 
change of volume could be determined by interpolation.  ~ was then calculated 
from the zero time, zero volume change solute concentrations. 
Using  the dimensions  of Table  I,  equation  2 was fitted to the nine  solutes 
tested by Goldstein and Solomon to give the result: 
log (1  --  ~)  =  (3.31  4-  1.20)  --  (5.47-4-  1.64)logd  (5) 
The  confidence  intervals  are for  the  95%  level.  At  the  same level  of confi- 
dence, a  significant fit was not found for molecular length as shown below. 
log (1  --  a)  =  (1.26 -4- 2.09)  -  (2.27  -4- 2.46) log h  (6) 
The F  test for log d is 56.8, compared to 4.3 for log h; the proportionate error 
reduction  is  considerably larger  with  the diameter  term.  IF  test for accept- 
ance at 95% is 3.7  (4).] 
A  graphical  examination  supports  the  statistical  indications.  Fig.  1 a  is  a 
pl0t  of log(1  -  a)  against  log d  and  Fig.  1 b  is  the  plot against  log h,  The 
points  on  Fig.  1 a  fall  relatively close to  the line  confirming  the correlation 
between  1  --  a  and d,  whereas Fig.  1 b shows considerable scatter. 
An important point to consider is the relationship  between the two dimen- 
sional  parameters.  A  statistical  overlap  is  expected  due  to  the  tendency for 
increasing  molecular size  to be reflected simultaneously as  increases in  both 
length and diameter. Table I, ordered for increasing diameter,  clearly demon- 
strates this tendency. Thus in  equation 6, the t2 log h term will, to the extent 
that there is a  similar d/h ratio,  reflect the significance of the diameter factor 
in  addition  to whatever independent  significance  it holds.  This  overlap can 
reflect a  situation  in which either  both parameters  hold independent  signifi- ANDREW H.  SOLL  New Approach to Molecular Configuration  2569 
cance, or one in which only one parameter is of first order importance. The 
data of Goldstein and Solomon can be used to assess  these relationships. 
Fig.  1 c shows the diameter of these nine compounds as a function of their 
length.  A  very close correlation  is  seen for the points  5, 6,  7, 8, 9,  and  10; 
whereas points  4,  11,  and  12  are scattered.  In Fig.  1 b,  points  5, 6,  7, 8, 9, 
and  10  fall closest to  the least  square line;  again  points  4,  11,  and  12  are 
scattered.  Thus  the  apparent  correlation between  1  -  ~  and  h  in  Fig.  1 b 
reflects the length-diameter overlap and not the independent significance of 
length. 
TABLE  I 
MOLECULAR DIMENSIONS 
Diameter  Length 
Molecule  d  h 
A  A 
1.  Methanol  3.93  4.64 
2.  Formamide  4.25  4.89 
3.  Ethanol  4.53  5.95 
4.  Ethylene glycol  4.75  7.01 
5.  Urea  4.82  5.94 
6.  Acetamide  5.05  6.06 
7.  Methyl urea  5.26  7.19 
8.  Propionamide  5.35  7.55 
9.  Malonamide  5.56  8.10 
10.  Propylene glycol  5.60  7.93 
11.  Thiourea  5.71  6.01 
12.  Glycerol  6.05  7.90 
13.  L-Arabinose  6.70  7.40 
This overlap can also be detected with the F  test. The residual error factor 
for  equation  5  is  compared  to  that  for  the  three dimensional equation for 
1  -  ~ as a function of both d and h. 
log (1  -- a), =  8;'  +  t~" log d~ +  B~' log h~ +  E~:  (7) 
The secondary F  test calculated from these residual error factors reflects the 
independent  significance  of length  beyond  its  overlap  with  diameter.  An 
analogous secondary F  test for the error reduction of diameter beyond that 
resulting from length can be obtained by comparing the residual error factor 
for equation 6  with that for equation  7.  Making these calculations,  the sec- 
ondary F  test for the introduction of d into a  (1  -  ~), h correlation is 38.7; 
whereas the corresponding value for introducing h into a  (1  -  ~), d relation 
is but 1.9. Thus diameter offers error reduction in addition to that from length, 
while length can  offer no  significant error reduction beyond that  resulting 
from diameter. Diameter is the parameter of primary significance. 2570  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  5  °  •  x967 
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The  correlation  of 1  -  ~r with  the mean  radius  (a)  was also determined. 
Goldstein  and  Solomon  defined  the  mean  radius  as  0.5(xyz)  m  where  x, y, 
and  z  are the coordinate  dimensions measured  on molecular models.  The  F 
test for  the  introduction  of the  mean  radius  is  7.2,  compared  to  56.8 for d 
and  4.3  for  h;  the  significance  of the  mean  radius  falls  between  that  for  d 
and h. 
II.  The Data of R.  Villegas and Barnola  (14) 
Villegas and Barnola studied the changes in the diameter  of the giant squid 
nerve axon  when it was exposed to  a  series  of test solutes and  calculated  o 
by interpolation  according  to  the  zero  time method.  Equation  2  was fitted 
to their  data using  the molecular dimensions in Table I  to give: 
log (1  -  a)  =  (3.92 q-  1.24)  -  (6.68 -4-  1.84) log d  (8) 
In  this  case  the  corresponding  equation  for  length' was  also  significant  (at 
the 95% level). 
log (I  -  a)  =  (2.79 4- 2.27)  -  (4.32 4- 2.92) log h  (9) 
The F  test for the introduction of d is 78.8, while the value for h is 13.1. Figs. 
2 a  and  2 b show log(1  -  a)  as a  function of log d  and  log h. 
Parameter overlap was examined in the same way as before. The secondary 
F  test for introducing d into equation 9 was found to be 12.4, while the value 
for introducing  h  into equation  8  was 0.2.  Clearly length  offers little  signifi- 
cance independent of its relation  to diameter. 
III.  The Data of Rich, Sha'afi,  Barton,  and Solomon  a 
Rich et al. measured a  for dog erythrocytes by the zero time method. For the 
six compounds they tested, the F  test for the introduction of d was 18.9 corn- 
1  Rich, G. T., R. I. Shaafi, T. C. Barton, and A. K. Solomon.  1967. J. Gen. Physiol. 50:2391. 2572  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  50  •  I~7 
pared to 0.8 for h.  The following equation was obtained when the data were 
fitted to d: 
log (1  --  a)  =  (4.18  4-  2.70)  --  (6.30  4-  3.62) log d  (I0) 
Fig.  3  demonstrates  the dependence of 1  -  a  on diameter.  At a  95%  confi- 
dence level, no fit can be obtained for h. 
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DISCUSSION 
A significant correlation is observed in all three sets of data between ~r and the 
transverse diameter of the  solute molecule.  This  correlation,  of course,  de- 
pends on the validity of the cylindrical treatment of solute molecules. Support 
for the treatment of small molecules as cylinders would be given by finding a 
physical  process  in  which  correlation  depended  upon  length  rather  than 
diameter. The molecular dimensions from Table I  were therefore applied to 
the  aqueous  diffusion  coefficients  (D)  calculated  by  Longsworth  (6).  The 
statistical analysis of the data yields a significant fit for diffusion and molecular 
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length, giving the equation: 
log D  =  --  (4.07  4- 0.34)  --  (1.03  -4- 0.41) log h  ( 11 ) 
An  analogous  equation  could not  be  significantly  fit  for diameter. The  F 
test  for  the  introduction  of log  h  is  35.1,  compared to  a  value  of 2.1  for 
log d.  The F  test for  significant error reduction is  6.16  at  a  95%  level  of 
confidence  (4).  Figs.  4  a  and  4  b  show  a  striking  contrast  between  the 
correlations  obtained with length and with diameter,  a  contrast supporting 
the significance of length. 
The  validity  of  the  cylindrical  treatment  of molecular  configuration  is 
supported  by  a  consideration of the  correlation  coefficients given  in Table 
II. The  cylindrical treatment of small molecular configuration appears  sig- 
nificant  because  of  the  high  correlation  between  the  reflection  coefficient ~574  THE  JOURNAL  OP  GENERAL  PHYSIOLOGY  • VOLUME  50  • ~967 
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and  diameter  on  the  one hand,  and  the diffusion coefficient and  molecular 
length  on the other.  As the length-diffusion coefficient correlation shows, the 
lack  of dependence  of  1  -  ~  on  length  does  not  result  from  error  in  the 
assessment of length,  but rather from the insignificance of length in the proc- 
ess considered.  Therefore  1  -  ~  does indeed  depend  on  solute  diameter. 
The inverse dependence of 1  -  ~  on diameter rather  than  on length sug- 
gests that under the conditions of these experiments, a lengthwise solute orien- 
tation occurs within the membrane  so that restriction results from maximum 
breadth and not length.  In order to obtain information  about the membrane 
element  responsible  for  this  lengthwise  orientation,  two  possibilities  were 
examined.  Either  the  solute  is  oriented  by the  radial  lipoprotein  moiety of 
the membrane, or it is oriented by an aqueous region. Orientation in the non- 
polar  substance  of the  membrane  would necessitate  the  partitioning  of the 
solute molecule out of the aqueous phase.  If this were the case,  1  --  ~ should 
vary with the relative oil-water partition coefficients. Fig.  5 a clearly shows a 
TABLE  II 
CORRELATION  COEFFICIENTS 
FOR  MOLECULAR  DIMENSIONS 
Logd  Logh 
Log  (1  -- o')  0.89  0.38 
Log D  0.30  0.88 
from the data of Goldstein  and Solomon  (3) ; D  from data of Longsworth 
(6) ; d and h from Table  I. 
lack of dependence of Goldstein and Solomon's 1  -  a  values on the oil-water 
partition  coefficients determined  by Collander  (1).  This result might  be as- 
cribed  to  the fact that  the  range  of the  partition  coefficients of these  com- 
pounds was not great enough to demonstrate the dependence.  Collander  (1) 
determined permeability coefficients on Nitdla cells for seven of the nine com- 
pounds tested by Goldstein and Solomon. Fig. 5 b shows that these permeabil- 
ity coefficients do indeed depend on the partition  coefficients, as is to be ex- 
pected from Collander's original conclusion. Therefore, since  1  -  ~ does not 
depend on the partition coefficient, the solute interaction is probably with the 
aqueous  region  of the  membrane.  This  aqueous  region  appears  to  have  a 
structural  characteristic  which  is  responsible  for  the  lengthwise  orientation 
of solutes.  Clearly  the  dimensional  aspects  of solute-membrane  interaction 
strongly support the structural validity of the aqueous pore. 
Some light  can  be thrown  on  the mechanism  of solute orientation  within 
the  pore.  The  data  demonstrating  the  lengthwise  solute  orientation  were 
obtained by inducing bulk solvent flow. Consideration of the diffusional per- 2576  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  50  •  x967 
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FlotmE 5.  Oil-water partition coefficients (K) from the data of Collander (1). In Fig. 
5 a, ~x values are from the data of Goldstein and Solomon (3). Log (1  -  ~r) is shown as a 
function of log K. In Fig. 5 b, the permeability coefficients (P) from the data of Collandcr 
are shown as a  function of log K. 
meability data of L. Villegas  (13) illuminates an interesting contrast.  ViUegas 
obtained  restricted  diffusional areas  (A/Ax,  i.e.  the  restricted  area  per  unit 
path  length)  in  sheets  of frog  gastric  mucosa  for  several  hydrophilic  non- 
electrolytes.  These  results  were  subjected  to  an  analysis  using  the  dimen- 
sional parameters from Table I; no clear correlation could be found for diam- 
eter.  These  data  are  for  a  system  different  from  those  demonstrating  the 
lengthwise orientation and cover a  slightly different set of solutes,  so that the ANDREW H.  SOLL  New Approach to Molecular Configuration  2577 
results are not directly comparable.  Nonetheless the lengthwise solute orien- 
tation  demonstrated  for osmotic  flow does  not  appear  in  these  studies  and 
seems to be a phenomenon dependent upon the dynamics of bulk flow across a 
single cellular membrane.  Thus the aqueous pore does not exert a  direct ori- 
enting  effect; but rather solute orientation is mediated by bulk solvent flow. 
The  reflection  coefficients  that  have  been  employed  to  characterize  the 
cellular membrane were obtained by inducing bulk solvent flow. A  depend- 
ence  of solute-membrane  interaction  on  solute  diameter  has  been  demon- 
strated  using  these data.  As  this  interaction  is  shown  to be  independent  of 
relative solute partition coefficient values, we have concluded that the aqueous 
pore is responsible for solute orientation.  Evidence  has  also been presented 
that  no  such  orientation  is  found  in  diffusion.  Apparently  the  dynamics 
associated  with  bulk  solvent  flow  are  effective  in  causing  the  lengthwise 
orientation of solutes in their passage through structurally significant aqueous 
pores. 
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